Introduction
Traumatic brain injury (TBI) is the single most common cause of morbidity in the pediatric population and frequently results in lasting neurobehavioral deficits, which can cause lifelong challenges. Survivors of TBI incurred during a period of rapid brain development in childhood may experience ongoing neurocognitive im-pairments and exhibit delays in their rate of development relative to healthy peers. Over time, this can result in increasing discrepancies in abilities relative to their healthy age-matched cohort [1] , a phenomenon referred to as 'growing into the lesion'. In contrast to injury in adulthood, TBI in the developing brain has distinct consequences with regard to injury response, physiological measures, markers of injury, medication effects, efficacy of therapies and recovery of function [2, 3] .
Experimental TBI studies in the developing brain have advanced our mechanistic understanding of both the injury response and the recovery process. From this work, the underlying molecular underpinnings of TBI-related developmental plasticity, such as altered neurotransmission, cell death and perturbations in neuronal connectivity, have begun to be characterized [4] . However, this rodent work has been predominantly restricted to the preweanling and weanling rodent (postnatal days 7-20, or P7-20) [4] [5] [6] [7] . In this review, normal and TBI-related alterations in growth, development and metabolism will be reviewed in the postweanling/juvenile age range (P21-60). As part of this review, post-TBI gene expression changes will be presented, focusing on the injury-induced expression of genes related to cerebral growth and metabolism. These alterations will be discussed in the context of existing literature related to physiological and behavioral responses to experimental TBI in the juvenile age range rodent.
Developmental Considerations

Normal Brain Growth
Neural development across species can be broadly categorized as either activity independent or dependent. The former are 'hardwired' processes that are governed primarily by genetic programming, although potentially adaptable by cellular activity. They include proliferation, neuronal migration, cellular differentiation and apoptosis [8] . Following these programmed processes, activitydependent neurodevelopment helps shape neural/axonal connections by modifying or eliminating established connections through synaptogenesis, axonal sprouting/ growth, myelination and synaptic pruning.
The rat is a particularly good model for the study of normal brain maturation and consequences of disruption to this process since, unlike many other mammals, most of the brain development occurs postnatally [9] , although the rate of cerebral maturation is very rapid. Further, metabolic functions in normal circumstances and following a brain insult in the rat resemble those of the developing human brain [10] . In rats, cellular proliferation and migration occur between gestational day 9.5 (G9.5) and P15 [11] . Apoptosis and axonal pruning are thought to follow this period. Using diffusion tensor images, significant reductions in axial diffusivity in the direction of fibers have been reported between P8 and P28, suggesting shortening of axonal lengths during pruning [12] . In contrast, both myelination and synaptogenesis, increasing axonal integrity and connections, result in increases in fractional anisotropy. Myelination in the rat brain begins at approximately P10, reaching its peak at P20 and declining in rate through P45, with little gradual change thereafter [13] . Synaptogenesis in the rat brain occurs between P10 and P30 [11] , and is followed by a period of pruning. Figure 1 summarizes the stages of normal brain development in the rat.
Ontogeny of Cerebral Metabolism
Glucose Metabolism The documented age-related changes in metabolism include the developing brain's shift in its primary fuel source from glucose in utero, to lactate shortly after birth, to a combination of ketones and glucose during suckling (P1-20), and finally to reliance on glucose as the primary energy source after weaning [10] . During the first 1-3 months of life in the developing rat, cerebral glucose utilization increases by about 20%, then declines between 3 and 12 months (despite a lack of decline in cerebral function or regional blood flow) and stabilizes thereafter [14] . As the primary substrate for cerebral metabolism in the normal, uninjured adult brain, glucose is almost entirely oxidized to CO 2 and H 2 O. In addition to its key role in cerebral metabolism, glucose is also the precursor to various neurotransmitters including ␥ -aminobutyric acid, glutamate and acetylcholine [15] . Across species, increases in glucose utilization, and to some extent ketone metabolism, are correlated with cerebral structural and functional maturation [9, 14] .
Ketone Body Metabolism
In addition to glucose, the brain readily utilizes ketone bodies including acetoacetate and ␤ -hydroxybutyrate ( ␤ -OHB). In contrast with the 'slow crescendo' of glucose metabolism in the developing brain, the changes in ketone metabolism are more dramatic [10] . During suckling, circulating ketones increase and the cerebral metabolism of ␤ -OHB becomes significant. In fact, at the peak of ketone utilization (P15-22), the brain's capacity to use ␤ -OHB is about 6 times higher than in adults [16, 17] . Also increasing are the monocarboxylate transporters (MCT), which transport ketones, pyruvate and lactate [10] .
In the adult brain, levels of plasma ketone bodies rise during rapid metabolism of fatty acids by the liver, such as during uncontrolled diabetes and starvation. Metabolism of ketone bodies is generally proportional to their corresponding blood concentration, with the rate-limiting factor being the rate of transport across the bloodbrain barrier [9, 18] . It is possible to lengthen the period of postnatal ketosis or to shift cerebral metabolism from glucose to ketones by manipulating diets, increasing the uptake of ketones and increasing the enzyme activity needed for ketone metabolism [10, 19] . However, there is also evidence for 'hardwiring' of changes in cerebral metabolism that is unrelated to the circulating substrate levels [10] .
In addition to the age-related dependence on ketone body metabolism, there are age-related regional differences in ketone metabolism. Ketone metabolism is largely homogeneous prior to P35. After this period, the regional pattern of ketone metabolism resembles that of adults, namely pronounced glucose uptake in the cortex (particularly in the 'superficial' layers), while the greatest ketone uptake is observed in the inner cortical layers [20] . Such regional differences suggest that ketone metabolism can supplement but not fully replace glucose metabolism.
In postnatal development, ketone bodies are directly responsible for modulating neuronal excitability by maintaining the cellular membrane resting potential and reversal potential of ␥ -aminobutyric-acid-induced anionic currents, with significant depolarization of both potentials evident under conditions of ketone body deficiency [21] . There is increasing evidence that ketone bodies have neuroprotective effects that are similar to those of calorie restriction. These effects are related to decreasing reactive oxygen species (ROS) concentrations in mitochondria overloaded with calcium (due in part to upregulation of mitochondrial uncoupling protein) [22] and to increased brain-derived neurotrophic factor (BDNF) activity, most prominently in the hippocampus but also in the basal ganglia [23] .
Metabolism and Developmental Plasticity
Functional neuroimaging such as positron emission tomography has made the noninvasive investigation of metabolism in the developing human brain possible, and shows a phylogenetic order with functional maturation of older anatomic structures preceding that of newer areas [24] . The regional pattern of metabolic increases in the human newborn and later developing infant is consistent in structures that show functional emergence at a given point in time in development [25, 26] . Further, it has been suggested that at any given developmental age, structures with metabolic rates that are equal to or exceeding the respective levels in the mature brain are those that 'dominate' the behavior at that age [27] . Unlike rodents, measurement of the absolute rates of glucose utilization with positron emission tomography reveals that during the major portion of the first decade, the human brain has a higher energy (glucose) utilization, corresponding to a period of exuberant connectivity and characterized by considerable plasticity in response to injury [28] .
Based on the temporal relation between developmental changes and glucose metabolism detected by the local ce- rebral metabolic rate of glucose (LCMRglc) in humans and other mammals [29, 30] , it has been suggested that the ontogenetic changes of glucose metabolism provide an indirect measure of synaptogenesis [28] . There are developmental periods where proliferation/overproduction of neurons and increases in synaptic contact are followed by apoptosis and pruning [24, 31] . These processes are not random, but are experience dependent, with repeated neuronal activity during critical periods resulting in stabilization rather than pruning of these circuits [32] . Some studies implicate N -methyl-D -aspartate (NMDA) receptor activation in this process [33] . Therefore, it seems that the transient maturational changes in LCMRgIc not only predict periods of synaptic excess, but may also indicate when plasticity in the nervous system is at a maximum [28] .
Molecular Response to Juvenile TBI
TBI is a complex, multifaceted process that shares mechanistic elements of excitotoxicity and cerebral ischemia but is unique among types of neural injury because it inherently involves biomechanical forces applied to the brain. When this heterogeneous injury occurs in a developing brain, it is extremely challenging to obtain a comprehensive understanding of the myriad of molecular pathways involved and how they interact to result in cell death, functional impairment and recovery. The use of gene microarrays is one approach to allow a broad overview of the molecular responses in a given experimental system. To the best of our knowledge, this is the first report of this technique in the juvenile rat TBI model.
We used the gene microarray approach to characterize the molecular response profile after lateral fluid percussion injury (FPI) in the postweanling/juvenile rat. P26 rat pups underwent sham, mild or severe lateral FPI (n = 4/ group) following our standard protocol, using 1.5-2% isoflurane anesthesia with 100% oxygen at 2 liters/min. The craniotomy was placed 3 mm posterior and 6 mm lateral to the bregma [5, 34] . Mild injury was defined as post-FPI toe pinch response of ! 45 s and severe as 1 120 s. The loss of toe pinch response represents a neurological postinjury measure of severity that corresponds with atmospheres of pressure applied, duration of apnea and c-fos expression [5] . Rats were sacrificed at 4 and 24 h after injury, and RNA was isolated from the ipsilateral cortex and hippocampus using standard guanidine thiocyanate extraction [35] . Expression profiling was conducted using Affymetrix rat gene RG U43A arrays. Analysis was performed using the Genesifter software (www.Genesifter.net) with the significance set to detect changes of 1 1.8-fold up-or downregulation compared to sham. One caveat of this approach is that genes with more variable or smaller degrees of expression change may be missed; however, false positives among genes identified as significantly different from sham are minimized. The use of the gene array methodology also has some inherent limitations, primarily related to the semiquantitative nature of the technique. To provide greater certainty that expression changes seen using microarray methods are reflective of quantitative alterations in gene expression, RT-PCR can be conducted on selected genes to validate the microarray results. In previously published work looking at gene expression changes after adult lateral FPI, we have demonstrated good concordance between microarray results and RT-PCR [36] .
Gene Expression Changes after Juvenile TBI
Using this system, 352 individual gene sequences showed significant up-or downregulation, 299 of which were identified in the NIH bioinformatics Database for Annotation, Visualization and Integrated Discovery (DAVID; version 6.7; http://david.abcc.ncifcrf.gov/). Once identical genes and redundancies in the data were eliminated, a final 269 individual genes were included in the analyses. Across all of the experimental conditions combined (brain region, time after injury, and severity), individual genes were tabulated more than once if they were represented in more than one of the combinations of experimental conditions above. Overall, there was almost a 4-fold difference in the number of total down-versus upregulated genes (n = 111 and 428, respectively). To simplify the analyses, gene data across the two time points were collapsed. Of the downregulated genes, 49 were in the mild condition (30 hippocampus and 19 cortex) and 62 were in the severe condition (34 hippocampus and 28 cortex). Of the upregulated genes, 187 were in the mild condition (108 hippocampus and 79 cortex) and 241 were in the severe condition (132 in hippocampus and 109 in cortex). See online supplementary table 1 (www. karger.com/doi/10.1159/000320667) for a listing of all the genes and their magnitude of down-and upregulation. The full gene array tables will also be posted online at www.birc.ucla.edu.
While looking at individual genes is of some interest, one of the strengths of the microarray method is to gain an understanding of the overall profile of differentially expressed genes. This is readily done by categorizing genes by their known functions. In recent years, major efforts to standardize the functional classification of genes have re-sulted in formal gene ontologies based upon biological process, molecular function and cell localization [37, 38] . Using the Functional Annotation Table tool of the DAVID, all associated biological process gene ontology terms (GO-TERM-BP) were recorded. These terms were used to identify a single primary function and, in many cases, multiple secondary functions for each gene. In the rare instance when a primary function was not readily apparent, the PubMed gene database was searched to identify one. A total of 255 genes were assigned one of 15 primary functions. Figure 2 shows the overall proportion of down-and upregulated genes, respectively, by their primary function. Across all experimental conditions, genes associated with inflammation/immune processes and cytokine activity were invariably upregulated. In contrast, genes associated with neurotransmission/plasticity, development and, to some degree, metabolism were preferentially downregulated. Figure 3 displays the total number of genes down-and upregulated by experimental conditions. Overall, more of the 15 primary functional categories are represented in the up-versus the downregulated genes. Further, across all conditions, there are slightly more differentially expressed genes in the severe relative to the mild condition within each region. This pattern is particularly striking for the genes associated with cellular metabolism. Interestingly, within the hippocampus, there appear to be a greater number/larger proportion of downregulated genes related to metabolism. Neuroplasticity-related genes seem to show a similar regional pattern, contributing relatively more to the downregulated gene list in the hippocampus. Also of note, approximately half of all genes in each severity condition and region that are downregulated belong to the functional categories associated with growth, development and metabolism (top 5 categories in respective bar graphs). Only about one fourth to, at most, one third of all genes exhibited a similar pattern within upregulated genes.
Comparison with published microarray studies of gene expression after experimental TBI is complicated by differences in injury model, severity, methodology and age [4, 36, 39] . Nonetheless, some general observations may be made as a starting point for further discussion and investigation. As expected, the number of differentially expressed genes generally increased with greater severity of injury. Interestingly, after FPI, P19 pups showed fewer differentially expressed genes than the P26 pups described here, and adult animals showed the greatest number of changed genes. One interpretation is that these observations represent distinct age-related injury responses. However, one must consider whether injury severity as measured by loss of toe pinch is equivalent across ages, and whether greater biological variability may be present in uninjured developing animals as compared to mature shams, both of which may contribute to identifying fewer genes in the younger groups. The pattern of up-versus downregulated genes is also noteworthy as upregulated genes substantially outnumbered downregulated genes at almost every timepoint, severity and age. The notable exceptions were at 4 and 24 h following moderate FPI in adults, where up-and downregulated genes were approximately equal in number. This suggests that, while injury severity may exist as a continuous spectrum in the immature rat, there appears to be a distinct separation between the molecular responses to moderate and severe FPI in the adult.
Distinctions in the major functional categories of altered genes across age and injury severity may be particularly interesting. Previously, this functional categorization of genes was often conducted manually, making crossstudy comparisons challenging. Future investigations could readily address this concern by comparing altered genes classified by standardized assignment of functional categories using DAVID, as was done in this paper.
Metabolic and Physiological Alterations after Juvenile TBI
Acute Injury Responses TBI in the developing brain is increasingly recognized as having important differences from the adult brain, particularly in terms of injury response (metabolic and molecular) and recovery of function. While dogma suggests that 'younger is better', there is also substantial evidence showing distinct vulnerabilities of the immature brain.
Glucose Uptake Alterations in glucose metabolism are a hallmark of TBI across experimental models, and have been observed clinically as well. Immediately after TBI, the adult rat brain shows an indiscriminate efflux of ions and neurotransmitters [40, 41] and a transient increase in LCMRglc [42, 43] due to increased cellular energy required to restore ionic balance and maintain the neuronal membrane potential [44] . Following the transient increase in LCMRglc is a longer period (10-14 days) of glucose metabolic depression. The duration of this phase of decreased glucose metabolism varies with injury severity, type, and age at injury. The prolonged decrease in LCMRglc after TBI remains unknown, though possible mechanisms include: Ca ++ -induced mitochondrial disruption [45] , ionic flux disruptions [46] , reduced cerebral blood flow [47] or lactic acid accumulation [40] . Following the initial surge in neurotransmitter release and ionic fluctuations, brain activity may become quiescent and require less substrate. Several studies have shown a decreased ability of the brain to demonstrate stimulationevoked increases in LCMRglc as early as 4 h and as long as 2 months after injury [48] . This quiescent state may be a mechanism to reduce secondary injury from premature activation and has also been observed after direct cortical stimulation [49] .
While a similar pattern of glucose metabolic alterations occurs after TBI in the P17 rat, the duration of the glucose metabolic depression phase is generally truncated (3 days) relative to adults following FPI [50] . Age-related differences in the duration of LCMRglc depression were also observed among P35 rats after controlled cortical impact injury. In these two injury models with different age groups, the younger brain shows earlier recovery of glucose metabolic rates than adults [51] and suggests age-related differences in metabolic coping strategies or metabolic trafficking.
Oxidative Stress
Since free radical production is a normal part of cellular physiology, aerobic organisms have developed various antioxidant defense systems. Enzymatic regulation of free radicals includes superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalases. The expression of these three antioxidant systems changes with cerebral maturation [52, 53] . While catalase and SOD1 (Cu/ ZnSOD, cytoplasmic) activities are generally higher during early development, the primary mitochondrial SOD (MnSOD) demonstrates low activity. During this developmental period, there are age-related differences in endogenous ROS levels. Rat striatal synaptosomes from P7, 12 and 21 all show greater ROS levels than adult synaptosomes [54] . The authors proposed that the higher developmental levels of ROS may be associated with the period of lower mitochondrial antioxidant defense. Following methylmercury application to induce elevated ROS levels, synaptosomes from the younger brains showed greater ROS production than in adults. These results were consistent with the idea that an 'underdeveloped' mitochondrial antioxidant capacity may render the younger brain more vulnerable to oxidative challenges. This vulnerability has been experimentally demonstrated after brain injury. While the evidence of oxidative damage following adult brain injury [55] [56] [57] [58] has elicited numerous antioxidant treatments to reduce ROS and decrease histopathology [59, 60] , little focus has been given to ROS production and consequences of brain injury to the developing brain. GPx activity has been examined in P21 and adult mice after TBI [61] . At 3 h after injury, P21 mice showed no significant increase in GPx activity, while adults showed a 28% increase. At 24 h, no significant change was detected among P21 mice, but adults showed a 15% increase in GPx activity above shams. This lack of inducible GPx enzymatic activity is in contrast to the 1.8-fold increase in hippocampal gene expression at 24 h after severe injury (online suppl. table 1). Changes in mRNA expression do not necessarily equate to protein levels or protein function. These differences may be reflective of the cell death associated with controlled cortical impact injury, which is not observed following FPI. Collectively, the data from several injury types reveals an increased vulnerability of the younger brain to oxidative challenges due to the lower activities of GPx and MnSOD. The high activities of SOD1 and catalase in the younger animal suggests that cytosolic control of H 2 O 2 should be efficient despite the low GPx activity. However, the mitochondrial activity of SOD2 is also low and may contribute to hydroxyl radical production and oxidative vulnerability. More data must be acquired to complete our understanding of this vulnerability among different age groups.
Alternative Substrates
Transporter Changes Cerebral metabolism of any substrate requires both circulating substrate availability and transport into the brain. Glucose transporter 1 (GLUT1, 55 kDa) and the MCT1 serve as the primary cerebral endothelial transporters for glucose and ketone bodies, respectively [62, 63] , and their expression parallels the developmental switch from a combination of glucose/ketone metabolism in preweanlings to almost exclusive glucose metabolism in the adult brain [64] . The expression of these transporters shows dynamic age-related changes after brain injury. Increases in both GLUT1 and MCT1 protein expression have been shown following hypoglycemia [65, 66] and hypoxia/ischemia [67] [68] [69] [70] [71] . More recently, our laboratory has shown an increased expression of endothelial MCT2 [72] and MCT1 with a trend toward decreased GLUT1 expression in injured P35 rats. In contrast, the adult brain showed little change in the expression of MCT1 or GLUT1 within 24 h after injury [73] . The greater magnitude of MCT1 and MCT2 expression in the juvenile brain at 6 and 24 h after injury may contribute to a greater and more rapid ketone uptake during the critical early changes after TBI.
Neuroprotection of Ketone Metabolism after TBI Recent studies have shown that glucose processing through glycolysis is altered following TBI. As a consequence of decreases in cytosolic nicotinamide adenine dinucleotide and increased shunting of glucose through the pentose phosphate pathway, glucose metabolism may be an inefficient source of energy in the injured brain. Data from the microarray shows decreases in pyruvate dehydrogenase expression, which would consequently decrease glycolytic activity. Under these conditions, the use of downstream alternative substrates has been shown to be neuroprotective. The developmental difference in the brain's ability to shift toward ketone metabolism may ultimately make the juvenile brain the most receptive to alternative substrates as a therapeutic option after TBI. Recently, conditions of ketosis (induced by fasting or diet) have been shown to be neuroprotective in animal models of TBI in both juvenile and adult rats [74] [75] [76] . Administration of ketones after experimental TBI revealed agedependent neuroprotection [77] . P35 and P45 rats placed on the ketogenic diet immediately after controlled cortical impact injury showed a 58 and 39% decrease, respectively, in cortical contusion volume at 7 days after injury. Both ages also had fewer Fluoro-Jade-positive cells in the cortex and hippocampus 6 h after injury. The ketogenic (KG) diet had no effect on injured P17 or P75 rats. Administration of ketones after injury not only preserved cortical histology, but also decreased motor and cognitive deficits in the juvenile rats [74] . Motor assessment on the beam walking task revealed longer traverse times for injured P35 animals on the standard and KG diet, but KGfed animals showed fewer footslips than standard-fed animals. P35-injured rats on the KG diet showed shorter escape latencies in the Morris water maze task compared to standard-fed animals. The therapeutic effects of the KG diet on beam walking and cognitive performances were not observed in P75 rats. The fact that there were no changes in expression of genes related to ketone or glucose metabolism (transporters, enzymes) suggests that dynamic changes involved in the regulation of brain metabolism are translationally controlled.
Metabolism and Plasticity
Metabolism, Learning and Memory Changes in the brain's metabolic environment can influence cerebral plasticity. Evidence from calorie restric-tion, intermittent fasting and exercise has shown a consequent increase in neurotransmitter receptor expression and neurotrophic factors, increased mitochondrial biogenesis [78, 79] and increased expression of cellular stress proteins [80] . Intermittent fasting induces the expression of the NMDA receptor subunit NR2B [81] , which is the subunit that normally shows declines with aging, concomitant with increased expression of NR2A. Administration of an NR2B subunit antagonist (Ro25-6981) reversed the effects of intermittent fasting. The fact that alterations in caloric intake can alter NMDA receptor subunit composition demonstrates a relationship between substrate metabolism and cellular plasticity.
Increases in neurotrophic factors such as BDNF and ciliary neurotrophic factor have neuroprotective properties and modulate neuronal plasticity. Additionally, BDNF can increase the mitochondrial oxidative efficiency of complex I [82] and has been shown to increase phosphorylation of 5 AMP-activated protein kinase (AMPK) [83] , which has been purported to be the 'metabolic biosensor' [84] . AMPK phosphorylation results in activation of efforts to induce energy conservation and appears to decrease long-term potentiation (LTP) [85] . Induction of a state of low cellular energy by 2-deoxyglucose application activates AMPK, which then inhibits LTP. When AMPK activation is inhibited, LTP is restored. Neurotrophins seem to play an important role in cellular energy regulation and plasticity, but this exact relationship is not fully understood.
Studies examining the role of metabolism and plasticity following TBI are sparse. Following FPI in the adult rat, phosphorylated AMPK expression was reduced by 20% in the ipsilateral hippocampus [86] . Decreases in BDNF after FPI were also observed in P19 [87] and adult rats [88] . Normalization of both AMPK and BDNF have been shown in adults by administration of -3 fatty acids [88] , exercise [89] or curcumin [90] .
Conclusions
It has long been known that TBI sets off a cascade of metabolic and neuroplastic changes that occur in its wake. Normal cerebral maturation itself involves a complex and interwoven plan that includes substantial alterations in both metabolic pathways and cellular/network plasticity. Increasing evidence indicates that molecular responses related to growth, development and metabolism may play a particularly important role in our understanding of both the acute injury response and the postacute recovery phase when TBI occurs in the immature brain. While gene expression analysis shows many of these changes occur at the level of transcription, other studies indicate that control of metabolic substrates may preferentially be regulated through changes in transporters and enzymatic activity. The interrelation between cellular metabolism and activity-dependent neuroplasticity shows great promise as an area for future study and therapeutic interventions. Understanding the maturation-specific components of this interrelation will be critical to an optimal translation of experimental data to clinical TBI treatments.
